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$ FRPSDUDWLYH VWXG\ KDV EHHQ FDUULHG RXW WR ILQG EHVW HOHFWURO\WH IRU REWDLQLQJ WKLFN DQG ZHOORUGHUHG QDQRSRURXV $QRGLF
$OXPLQLXP2[LGH $$2 ILOPV XVLQJ GLOXWHG &KURPLF 2[DOLF 3KRVSKRULF DQG 6XOSKXULF DFLG VROXWLRQV 7KH WRS YLHZ SRUH
VWUXFWXUH RUGHULQJDQG WKLFNQHVVRI WKH$$2 ILOPVKDYHEHHQGHWHUPLQHG IURP )LHOGHPLVVLRQ 6FDQQLQJ(OHFWURQ0LFURVFRS\
([WHQWRIRUGHULQJLVHYDOXDWHGE\FRPSDULQJ)DVW)RXULHU7UDQVIRUPV))7RIWKHWRSYLHZ 6(0 LPDJHV,WZDVIRXQGWKDWILOPV
DQRGL]HGLQ2[DOLFDFLGDUHWKLFNHVWDQGGHJUHHRISRUHRUGHULQJ LQWKLVFDVH LVDOVRKLJKHVW





$QRGL]DWLRQRI DOXPLQLXPKDG VWDUWHG LQ WKHEHJLQQLQJRI WKH ODVW FHQWXU\ >7KRPSVRQ DQG:RRG @ 7KH
QDQRSRURXV W\SH RI WKH $QRGLF $OXPLQLXP R[LGH ILOP RU OD\HU KDV DWWUDFWHG HQRUPRXV DWWHQWLRQ LQ WKH ODVW WZR
GHFDGHVGXHWRLWVXQLTXHDQGWXQDEOHVWUXFWXUHZKLFKDFWVDVDYHU\XVHIXODQGYHUVDWLOHWHPSODWHPDVNRUKRVWIRU
PDNLQJ YDULRXV W\SHV RI QDQRFRPSRVLWH DQG QDQRGHYLFHV WR EH XVHG LQ WKH IDVW JURZLQJ ILHOG RI QDQRWHFKQRORJ\
>0DVXGD DQG)XNXGD@ ,WLVH[WHQVLYHO\UHVHDUFKHGWKHVHGD\VDQGKHQFHVRPDQ\UHYLHZSDSHUVSHUWDLQLQJWRLW
KDYH EHHQ SXEOLVKHG >0XWDOL HW DO &KL DQG =KL *HUUDUG  HW DO  /HL HW DO @ 7KLV ILOP
KHUHLQDIWHUUHIHUUHGWRDV$$2$QRGLF2[LGH)LOPFRQVLVWVRIERWKXSSHUORQJHUSRURXVSDUWDQGORZHURULQQHU
VKRUWHU EDUULHU RU FRPSDFW W\SH QRQSRURXV SDUW 7KH SRUHV DUH SDUDOOHO WR HDFK RWKHU DQG QRUPDO WR WKH VXUIDFH
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>'LJJOHHWDO @6XFKVWUXFWXUHKDVLQWHUSRUHVSDFLQJRI  QPSRUHGLDPHWHURI  QPXQLIRUP
SRUHSHULRGLFLW\ IURP WRQPDQGSRUHGHQVLW\RIDVKLJKDV SRUHVFPí >&KLN DQG ;X @7KLV
SRURXV VWUXFWXUH LV VFKHPDWLFDOO\ UHSUHVHQWHG DV D KRQH\FRPE VWUXFWXUH ZLWK D KLJK DVSHFW UDWLR GHSWK RI SRUH
GLYLGHGE\LWVGLDPHWHUDVWKLVLVHVVHQWLDOLQDWHPSODWHIRUSURGXFLQJQDQRPHWULFGHYLFHV>.XVKZDKDHWDO @
,WLVYLHZHGDVILQHFKDQQHOVFKDUDFWHUL]HGE\DFORVHSDFNHGDUUD\RIFROXPQDUKH[DJRQDOFHOOVHDFKFRQWDLQLQJD
FHQWUDOSRUH>/LHWDO  0DVXGD DQG+DVHJZD@7KHLGHDOL]HGVWUXFWXUHRI$$2ILOPKDVEHHQVKRZQLQ
)LJ+RZHYHUWKHJHRPHWU\RIWKH$$2ILOPREWDLQHGJHQHUDOO\LVIDUIURPWKDWRIWKLVLGHDOL]HGVWUXFWXUHDVWKH
DUUDQJHPHQWRI WKH FHOOV LV QRW SHUIHFWO\ KH[DJRQDO >0DVXGD DQG+DVHJZD @ ,WPD\EH VRPHZKDW FORVHU WR
LGHDORQHZKHQFRQGLWLRQVIRUVHOIRUGHULQJDUHVDWLVILHGGXULQJLWVIRUPDWLRQ>1HLOVFKHWDO @
)LJ  7KH LGHDOL]HGVWUXFWXUHRI$QRGLF$OXPLQLXP2[LGH$$2ILOP >$VRK HWDO @
0RGHUDWHO\RUGHUHGRUGLVRUGHUHGQDQRSRURXVVWUXFWXUHRQSXUHDOXPLQLXPVXEVWUDWHVZLWKDFRQWUROOHGXQLIRUP
SRUH GLDPHWHU LQWHUSRUH GLVWDQFH DQG DVSHFW UDWLR KDYH EHHQ IRUPHG E\ DQRGL]DWLRQ LQ 6XOSKXULF 2[DOLF RU
3KRVSKRULF DFLG HOHFWURO\WHV >0XWDOL HW DO @ 6HYHUDO VWXGLHV KDYH VKRZQ WKDW RWKHU DFLGV VXFK DV FKURPLF
ERULF FLWULF DQG WDUWDULF DFLGV FDQ DOVR EH XVHG IRU SUHSDUDWLRQ RI $$2 EXW ZLWK LQIHULRU SRUH RUGHULQJ LQ
FRPSDULVRQ ZLWK WKH WKUHH FRPPRQ HOHFWURO\WHV 6RPH LRQLF OLTXLG DGGLWLYHV HQKDQFH WKH R[LGH JURZWK UDWH EXW
GHFUHDVH WKHGHJUHHRI RUGHULQJ7KH WHFKQLTXHRI WZRVWHS DQRGL]DWLRQ LQYHQWHGE\0DVXGD DQG6DWRK LQ
ZKRVHVFKHPHKDVUHYROXWLRQL]HGWKHJURZWKRIQDQRWHFKQRORJ\HVSHFLDOO\LQWKHZLGHVSUHDGDSSOLFDWLRQVRI$$2
DV WKH SRUHV QRZ FDQ EH DUUDQJHG LQ QHDU SHUIHFW LGHDOO\ KH[DJRQDOO\ RUGHUHG DUUD\ VWUXFWXUH XVLQJ WKLV QRYHO
PHWKRG >0DVXGD DQG6DWRK @ 7KHGHSWKRIR[LGHOD\HULQFUHDVHVZLWKDQRGL]DWLRQWLPHLQWKH VHFRQGVWHSEXW
WR D FHUWDLQ H[WHQW RQO\6RPHRI WKH DSSOLFDWLRQ DUHDVRI WKLVZHOORUGHUHG$$2 ILOPV DUHPROHFXODU VHSDUDWLRQ





R[LGHHOHFWURO\WH LQWHUIDFHZHUH VXSSRVHG WREH WKHGULYLQJ IRUFHV IRU WKHJURZWKRI VHOIRUGHUHGSRURXV VWUXFWXUH
>6XOOLYDQDQG:RRG @5HFHQWO\LWKDVEHHQHVWDEOLVKHGWKDWIRUREWDLQLQJZHOORUGHUHGQDQRSRURXVVWUXFWXUH
WKHUHLVDVHOIRUGHULQJUHJLPHLHDFRPELQDWLRQRIDQRGL]DWLRQSURFHVVSDUDPHWHUV LQZKLFKYROWDJHLVRIXWPRVW
LPSRUWDQFHDQGWKHVHFRQGLWLRQVDUHVSHFLILFWRWKHHOHFWURO\WHXVHG >$VRK HWDO @ 7KHORQJUDQJHRUGHULQJKDV
EHHQREVHUYHGWRRFFXUXQGHUOLPLWHGYROWDJHFRQGLWLRQVWKDWZHUHVSHFLILFWRWKHVROXWLRQXVHGIRUDQRGL]DWLRQWKDW
LV ORQJUDQJHRUGHULQJ WDNHVSODFHDW9LQVXOIXULFDFLGVROXWLRQ >0DVXGD DQG+DVHJZD  @DW9LQ
R[DOLF >0DVXGDDQG)XNXGD 0DVXGD DQG6DWRK@ DQGFKURPLF >:RMFLHFK HWDO @ DFLGVROXWLRQ
DQGDW9LQSKRVSKRULFDFLGVROXWLRQ >0DVXGDHWDO@ FRUUHVSRQGLQJWRFHOOVL]HVRIDQGQP
UHVSHFWLYHO\ 6HYHUDO JURXSV KDYH DOVR UHSRUWHG VLPLODU UHVXOWV FRQFHUQLQJ WKH ORQJUDQJH RUGHULQJ FRQGLWLRQV IRU
DQRGLFSRURXVDOXPLQD >6KLQJXEDUD HWDO 6KLQJXEDUD HWDO  -HVVHQVN\HW DO  1HLOVFKHW DO
@7KHUH LV D QHHG IRU TXDOLWDWLYH DQGTXDQWLWDWLYH DQDO\VLV RI WKHRUGHULQJ LQ$$2VWUXFWXUH DQG KHQFH)DVW
)RXULHU7UDQVIRUP))7DQDO\VLVRI WKH WRSVXUIDFHRI WKH$$2ILOPLVGRQH >:RMFLHFK HWDO  6XOND DQG
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3DUNRáD  6XOND DQG3DUNRáD  %D DQG/L @ +RZHYHUWKLFNQHVVRIWKHVHZHOORUGHUHGR[LGHILOPV
UHSRUWHGLQOLWHUDWXUHLVJHQHUDOO\LQWKHUDQJHRIWR PLFURPHWHUHJ PLFURPHWHU >5DELQ @ ZKLFKPD\EH
FRQVLGHUHGDV VXIILFLHQWO\ WKLFN IRUQDQRWHFKQRORJLFDODSSOLFDWLRQVEXW WKHUHDUH PDQ\DSSOLFDWLRQV ZKLFK UHTXLUH
ERWKIHDWXUHVLQWKHVHILOPVLHJUHDWHUWKLFNQHVVWRLQFUHDVHVWUHQJWKDVZHOODVZHOORUGHUHGQDQRSRURXVVWUXFWXUHV
IRUGHHSHUDQGXQLIRUPHPEHGGLQJRIWKHOXEULFDWLQJPDWHULDOLQWKHSRURXVVXUIDFHRIWKHILOPV)HZVWXGLHVKDYH
EHHQ GRQH WR LQFUHDVH WKH R[LGH ILOP WKLFNQHVV E\ YDU\LQJ DQRGL]DWLRQ SURFHVV SDUDPHWHUV EXW FRXOG VXFFHHG LQ
REWDLQLQJRQO\PLFURPHWHUWKLFNILOPVRQO\ >:DQJDQG:DQJ@ KRZHYHULQWKLVFDVHRUGHULQJRISRURXV
VWUXFWXUH ZDV QRW GLVFXVVHG DW DOO 7KH DQRGLF R[LGDWLRQ RI DOXPLQLXP XQGHU FRQYHQWLRQDO VRFDOOHG µPLOG
DQRGL]DWLRQ¶ LV WHGLRXVO\ VORZ IDEULFDWLRQSURFHVVZLWKR[LGH IRUPDWLRQ VSHHG±PLFURQVSHU KRXU DQG UHTXLUHV
DOPRVW WZRZRUNLQJ GD\V WR SUHSDUH DQ$$2PHPEUDQH DV DJDLQVW KDUG +$ RU KLJKILHOG DQRGL]DWLRQPHWKRG
DFKLHYLQJ FRQVLGHUDEO\ KLJKHU DQRGL]DWLRQ VSHHGV RI ± PLFURQV SHU KRXU $QRWKHU GUDZEDFN RI PLOG
DQRGL]DWLRQLVWKDWVHOIRUGHULQJRFFXUVRQO\LQQDUURZSURFHVVZLQGRZLHLQVHOIRUGHULQJUHJLPHKHQFH/HHDQG
RWKHU FRZRUNHUVPRGLILHG WKH KDUG DQRGL]DWLRQ RU FRQYHQWLRQDO W\SH ,,, DQRGL]DWLRQ IRU IDVW IDEULFDWLRQ RI ORQJ




$$2 OLNH SRUH GLDPHWHU LQWHUSRUH GLVWDQFH HWF 7R DGGUHVV WKLV SUREOHP UHFHQWO\ VRPH UHVHDUFK ZRUN RQ
FRPELQHGKDUGDQRGL]DWLRQDQGPLOGDQRGL]DWLRQKDYHEHHQUHSRUWHG >/LXHWDO @ VRDVWRUHGXFHORQJHUWLPH
FRQVXPHG LQ ILUVW VWHS RI WZRVWHS PLOG DQRGL]DWLRQ SURFHVV +RZHYHU WKH\ KDG WR XVH WZR HOHFWURO\WHV LH
VXOSKXULFDFLGIRUKDUGDQRGL]DWLRQLQWKHILUVWVWHSDQGR[DOLFDFLGIRUVHFRQGPLOGDQRGL]DWLRQLQWKHVHFRQGVWHSRI
DQRGL]DWLRQ DQG KHQFH WKH H[WHQW RI VHOIRUGHULQJ REWDLQHG LV TXHVWLRQDEOH DV WKH\ KDYH GHYLDWHG IURP WKH VHOI
RUGHULQJUHJLPHUHFRJQL]HGDVQHFHVVDU\IRUZHOORUGHULQJSRURXVVWUXFWXUHE\PDQ\UHVHDUFKHUV
,Q WKLV VWXG\ DQ DWWHPSW KDV EHHQPDGH WR REWDLQ WKLFN DQG DW WKH VDPH WLPHZHOORUGHUHG QDQRSRURXV DQRGLF
DOXPLQDVWUXFWXUHE\XVLQJQRYHOWZRVWHSDQRGL]DWLRQSURFHVVLQYHQWHGE\0DVXGDDQG6DWRK DQGDQRGL]DWLRQ
SURFHVV SDUDPHWHUVDVSHUVHOIRUGHULQJ UHJLPH 7KH HIIHFWRIYDULRXVHOHFWURO\WHVDQGDQRGL]DWLRQSURFHVV WLPH LQ





2QO\  FP DUHDZDV H[SRVHG WR WKH HOHFWURO\WH LQ HOHFWURSROLVKLQJ DQG DQRGL]DWLRQ E\PDVNLQJ WKH H[WUD DUHD
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GHFUHDVH WKHGRXEOH OD\HU WKLFNQHVV IRUPHGRQ WKH









)LJ  $VSHFLDODOXPLQLXPIL[WXUHDVVKRZQDERYHLQ)LJDZDVGHVLJQHGDQG IDEULFDWHGWRVHFXUHWKH9EHQWIUDFWXUHG$$2VSHFLPHQIRU
FURVVVHFWLRQDOREVHUYDWLRQXQGHU)(6(0)LJEGHSLFWVWKHWHFKQLTXH
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)RUREVHUYLQJRUGHULQJ LQ WKHSRURXV VWUXFWXUH FRQYHQWLRQDOPHWKRGRI 6(0ZDV IROORZHGDQG VDPSOHVZHUH
YLHZHGIURPWKHWRSVXUIDFH)RXUW\SHVRIDQRGL]LQJHOHFWURO\WHVYL]&KURPLF2[DOLF3KRVSKRULFDQG6XOSKXULF
DFLGVKDYHEHHQXVHGDQGDQRGL]DWLRQSURFHVVSDUDPHWHUVKDYHEHHQVWULFWO\IROORZHGDVSHUVHOIRUGHULQJUHJLPH
UHSRUWHGHDUOLHU >1HLOVFKHW DO @ DQG WKHGHWDLOVDUHJLYHQ LQ WDEOHQR)RUDOO WKHVH IRXUHOHFWURO\WHVQLQH
VDPSOHV>[IRUHDFKHOHFWURO\WH@ZHUHWDNHQVRWKDWDYHUDJHRIWKUHHVDPSOHVVXEMHFWHGWRVDPHWUHDWPHQWPD\
EHWDNHQIRUPRUHUHOLDEOHUHVXOWV)RUDJLYHQHOHFWURO\WHVDPSOHVZHUHDQRGL]HGIRUGLIIHUHQWWLPHGXUDWLRQV
 DQG  KRXUV LQ WKH VHFRQG VWHS RI DQRGL]DWLRQ VR DV WR GHWHUPLQH WKH RSWLPXP WLPH IRU REWDLQLQJ WKLFNHVW
ILOPV
 5HVXOWVDQGGLVFXVVLRQ
7KH UHVXOWV RI VDPSOHV DQRGL]HG LQ IRXU FRPPRQO\ XVHG HOHFWURO\WHV LH FKURPLF R[DOLF SKRVSKRULF DQG
VXOSKXULF DFLGV KDYH EHHQ SUHVHQWHG LQ )LJ   7KH 7RS YLHZ )(6(0 LPDJHV RI WKH EHVW RQH RXW RI WKH QLQH
VDPSOHV KDYLQJ JLYHQ VDPH WUHDWPHQW KDV EHHQ SUHVHQWHG KHUH +RZHYHU WKHUH LV QR VLJQLILFDQW GLIIHUHQFH LQ WKH
VDPSOHVDQRGL]HGLQWKHVDPHHOHFWURO\WHXQGHUWKHVDPHFRQGLWLRQV H[FHSW RQHFRQGLWLRQGLIIHUHQWWLPHGXUDWLRQLQ
WKHVHFRQGVWHSRIDQRGL]DWLRQLHVDPSOHV6 6DQG6 3O UHIHU WDEOH KDYHPRUHRUOHVVVDPHSRUHVWUXFWXUH
DQGRUGHULQJ 7KHILJXUH VKRZV 7RSYLHZVRIWKHVDPSOHVDQGWKHLU))7V)DVW)RXULHU7UDQVIRUPV LQWKHLQVHW,W
FDQEHVHHQWKDWEHVWSRUHRUGHULQJLVREWDLQHGZKHQR[DOLFDFLGLVXVHGDVHOHFWURO\WH7KH ))7LQWKDWFDVHLVDOVR
VKRZLQJVL[GLVWLQFWVSRWVZKLFK WKHFKDUDFWHULVWLFLV RIKH[DJRQDOO\RUGHUHGSRURXV VWUXFWXUH
)LJ  6HOHFWHG)(6(0LPDJHVRIWKHVDPSOHVDQRGL]HGLQIRXUHOHFWURO\WHVDQGWKHLUFRUUHVSRQGLQJ
)DVW)RXULHU7UDQVIRUPV))7LQWKHLQVHWVDVXOSKXULFDFLGEFKURPLFDFLGFR[DOLFDFLGDQGGSKRVSKRULFDFLG
7KH VHFRQG EHVW RUGHULQJ LV DFKLHYHGZKHQ SKRVSKRULF DFLG KDV EHHQ XVHG 7KH ))7 VKRZV D KD]\ ULQJ W\SH




DFLG DQLRQ LQ WKH IRUPHG $$2 ILOP PD\ EH WKH UHDVRQ IRU WKH REWDLQHG GLIIHUHQFH LQ WKH GHJUHH RI RUGHULQJ
$OWKRXJKLWLV ZLGHO\DFFHSWHGIDFWWKDWDQRGL]DWLRQSURFHVVLVYHU\HDV\WRSHUIRUPEXWYHU\FRPSOH[WRXQGHUVWDQG
DV WKHUH DUH PDQ\ IDFWRUV ZKLFK PD\ DIIHFW LW 7KH VL]HV RI WKH IRUPHG SRUHV DQG LQWHUSRUH GLVWDQFHV ZHUH
DSSUR[LPDWHO\ VDPH DV SHU WKH HPSLULFDO UHODWLRQVKLS LQ WKH RSHQ OLWHUDWXUH LH WKH SRUH GLDPHWHU DQG LQWHUSRUH
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GLVWDQFHV DUHSURSRUWLRQDO WRDQRGL]DWLRQYROWDJHDQGWKHYDOXHVRIWKHVHWZRDUHQPSHUYROWDQGQPSHUYROW
UHVSHFWLYHO\,QWKLVH[SHULPHQWDQRGL]DWLRQYROWDJHIRUVXOSKXULFDFLGZDV9DQGKHQFHGLDPHWHURISRUHVLV
DSSUR[QPDQG LQWHUSRUHGLVWDQFH LVDSSUR[QP6LPLODUO\ WKHGLDPHWHUDQG LQWHUSRUHGLVWDQFHV LQFDVHRI
2[DOLFDQG&KURPLFDFLGVKDYHEHHQIRXQGLQDV DQGQPUHVSHFWLYHO\3RUHGLDPHWHUDQGLQWHUSRUHGLVWDQFH
LQFDVHRI3KRVSKRULFDFLGKDYHEHHQIRXQGDVQP DQG QP UHVSHFWLYHO\ZKLFKYHU\ZHOO FRUUHVSRQG WRWKH
HPSLULFDOUHODWLRQ 7KHUHVXOWVRIWKLFNQHVVPHDVXUHPHQWVIRUWKHIRXUW\SHVRIHOHFWURO\WHVKDYHEHHQVKRZQLQWKH




DQRGL]DWLRQ LQ WKHVHFRQGVWHS LQGLFDWLQJ WKDWRQHKRXU LV WKHRSWLPXPWLPH IRU WKHSURFHVV WRJHW WKLFNHVW ILOPV
:KHQ DQRGL]DWLRQ LV VWDUWHG DIWHU GLVVROXWLRQ RI WKH IRUPHG$$2 ILOP WKDW ZDV REWDLQHG GXULQJ WKH ILUVW VWHS RI
DQRGL]DWLRQ WKHSRUHV QXFOHDWH IURP WKH GLPSOHV OHIW LQ WKHPHWDO ,QLWLDOO\ WKLFNQHVVRI QDQRSRURXV $$2 ILOP LV
YHU\OHVV,WLQFUHDVHVZLWKDFRQVWDQWJURZWKUDWHZKLFKLVKLJKHUDVFRPSDUHGWRGLVVROXWLRQUDWH ,QDOORIWKHIRXU
HOHFWURO\WHV $OXPLQLXP 2[LGH LV VROXEOH DQG WKH FKHPLFDO UHDFWLRQ GHFUHDVHV WKH $$2 WKLFNQHVV IURP WKH WRS
VXUIDFHZKLFKLVLQGLUHFWFRQWDFWZLWKWKHHOHFWURO\WH $IWHUVRPHWLPHWKHUHLVG\QDPLFHTXLOLEULXPLQ WKHJURZWK
UDWHDQGGLVVROXWLRQUDWHRI$$2ILOPV DQG WKHSURFHVVDWWDLQVVWHDG\ VWDWHDQG LW LV IRXQG WKDW DIWHURQHKRXU WKH
GLVVROXWLRQUDWHWDNHVRYHUIRUPDWLRQUDWHDQGKHQFHWKLFNQHVVVWDUWVGHFUHDVLQJ
)LJ  6HOHFWHGFURVVVHFWLRQDO)(6(0LPDJHVRIWKHVDPSOHVDQRGL]HGLQIRXUHOHFWURO\WHV
D 6XOSKXULFDFLGE 2[DOLFDFLGF &KURPLFDFLGDQGG 3KRVSKRULF DFLG




WKH HOHFWURFKHPLFDO IRUPDWLRQ UDWH E\ DQRGL]DWLRQ LV QHXWUDOL]HG E\ FKHPLFDO GLVVROXWLRQ UDWH RI WKH$$2 LQ WKLV
DFLG
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